H frequency) hydrogen-bonded hydrogen phosphate-like molecular/ionic species. There is no resolved signal from discrete OH 2 ions. 13 C SSNMR shows chitin, protein and other organic biomolecules but, unlike bone, there are no significant atomic scale organic matrix -mineral contacts. The poorly ordered hydrogen phosphate-like iblid mineral is strikingly different, structurally and compositionally, from both vertebrate bone mineral and the more crystalline fluoroapatite of the linguliform brachiopods. It probably represents a previously poorly characterized calcium phosphate biomineral, the evolution of which may have reflected either the chemical conditions of ancestral seas or the mechanical advantages of phosphatic biomineralization over a calcium carbonate equivalent.
P heteronuclear correlation (HETCOR) experiments show a continuum of different phosphorus/phosphate atomic environments, close to hydrogen populations with resonance frequencies between ca 10 and 20 ppm. Associated 1 H and 31 P chemical shifts argue the coexistence of weakly (high 31 P frequency, low 1 H frequency) to more strongly (lower 31 P frequency, higher 1 H frequency) hydrogen-bonded hydrogen phosphate-like molecular/ionic species. There is no resolved signal from discrete OH 2 ions. 13 C SSNMR shows chitin, protein and other organic biomolecules but, unlike bone, there are no significant atomic scale organic matrix -mineral contacts. The poorly ordered hydrogen phosphate-like iblid mineral is strikingly different, structurally and compositionally, from both vertebrate bone mineral and the more crystalline fluoroapatite of the linguliform brachiopods. It probably represents a previously poorly characterized calcium phosphate biomineral, the evolution of which may have reflected either the chemical conditions of ancestral seas or the mechanical advantages of phosphatic biomineralization over a calcium carbonate equivalent.
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INTRODUCTION
The exploitation of crystalline calcium phosphate in the formation of hard biological tissue is much less widespread among modern animals than is the use of calcium carbonate. While vertebrate bone is the most familiar phosphatic hard tissue, among the several classes of marine invertebrates using calcium phosphate [1] , certain members of the brachiopod subphylum Linguliformea [2, 3] and some barnacles within the order Ibliformes [4] [5] [6] [7] [8] use what is believed to be a carbonated apatitelike form of calcium phosphate to mineralize their shells and shell plates, respectively. Recent molecular phylogenies divide the Bilateria (representing most of the animal kingdom) into two clades, the Deuterostomia and Protostomia, with the protostomes themselves subdivided into the Ecdysozoa and Lophotrochozoa. The deuterostomes, ecdysozoans and lophotrochozoans are thus considered to represent three major and fundamental divisions of animal life [9, 10] . Given that the vertebrates are placed within the Deuterostomia, the brachiopods within the Lophotrochozoa and the barnacles within the Ecdysozoa, these three groups, each containing representatives that use calcium phosphate, are only very distantly related. Barnacles (subclass Cirripedia) are placed within the clade Pancrustacea, part of the ecdysozoan phylum Arthropoda [11] . Members of the barnacle order Ibliformes have only four primary shell plates ( paired scutum and tergum) and post-oral scutal adductor muscles. These are believed to be plesiomorphic characters, leading these animals to be placed as a basal offshoot of the cirripede superorder Thoracica [6, 12] . Unlike the familiar acorn barnacles on the open rocky intertidal zone that often have thick, volcano-shaped shells for protection, ibliform barnacles live within fine rock crevices, under stones or among other shells, which act as refuges from predators [13] . The bodies of ibliform barnacles are connected to the substrate via fleshy, hairy stalks ( peduncles) hidden within the crevice; their projecting parts are only partially protected by the relatively small, paired shell plates (figure 1) [8] . The scuta and terga of Ibla species (family Iblidae) were described by Charles Darwin in 1852 [14] as being chitinous and entirely devoid of 'calcareous matter', a conclusion that has apparently been widely accepted. However, although relatively flexible and apparently not highly mineralized, Whyte [5] and Lowenstam & Weiner [4] identified calcium phosphate in the shell plates of Ibla species, the latter authors likening this to vertebrate bone. Calcium phosphate has also been noted in the tergum of the related ibliform barnacle Chaetolepas calcitergum (family Idioiblidae) [6, 7] .
The native mineral constituting the tergum and scutum of the iblid barnacle Ibla quadrivalvis has been shown by X-ray powder diffraction to resemble material described as 'amorphous apatite', which can partially convert to more crystalline forms on heating or sodium hypochlorite treatment [5] . In a comprehensive electron microscopy study of the related species Ibla cumingi, Lowenstam & Weiner [4] describe the microstructure of the material as comprising mineral particles locked into a complex, lamellar network of chitin and protein, and point out at least superficial similarities with the microstructure of vertebrate bone, in which apatite nanoparticles are enclosed in a matrix of collagen fibres. They describe the mineral phase in I. cumingi tergum material as crystalline carbonate apatite (dahllite) [8] rather than the amorphous material previously postulated.
Solid-state nuclear magnetic resonance spectroscopy (SSNMR) [15] is a powerful technique for studying the atomic level structure of phosphatic biominerals [16] , for reasons treated in detail in the latter reference. Multinuclear SSNMR ( 13 C and 31 P) shows that the surface of vertebrate bone mineral makes intimate atomic-scale molecular connections with organic matrix macromolecules [17, 18] and citrate [19] . By contrast, these close contacts between mineral and the organic matrix are not found in the phosphatic shell material of the linguliform brachiopods, suggesting a completely different molecular biomineralization strategy [16] . Similar multinuclear SSNMR techniques exploiting 1 H and 31 P have also thrown new light on phosphatic biomineral structure and composition in ways not possible using other techniques. For instance, they clearly reveal water and hydrogen phosphate-like groups on the poorly ordered mineral surface of bone, as well as definitively proving the presence of OH 2 groups within the more ordered apatitic interior [20] , the existence of which as discrete ions had previously been in contention.
Given that vertebrates, linguliform brachiopods and ibliform barnacles are so distantly related to each other, it seems most likely that calcium phosphate biomineralization has arisen by convergent evolution in the three groups. A detailed, atomic-level knowledge of the structures of the mineral phase and its interface with the embedding organic matrix is not only likely to provide clues about the evolution of calcium phosphate biomineralization strategies in general, but may also inform efforts to design new biomimetic and biocompatible mineral-organic composite materials [21, 22] . This study extends previous work contrasting linguliform brachiopod biomineral with vertebrate bone [16] to the biomineral from a species of iblid barnacle. 
MATERIAL AND METHODS
Specimens of I. cumingi (figure 1) were collected at Stanley Beach, Hong Kong from rock crevices opened with a geological hammer, and preserved in 95% ethanol. Terga and scuta were dissected from each of the 10 specimens, yielding about 15 mg of biomineral in total. To achieve adequate sensitivity in subsequent NMR experiments, terga and scuta were then combined and powdered by freezing in liquid nitrogen and ball milling (Sartorius Microdismembrator, 1 min at 3000 r.p.m.), as they proved too hard to be crushed manually with a pestle and mortar. SSNMR. All experiments were performed using standard SSNMR methodology on a Bruker 9.4 T Avance-400 spectrometer at frequencies of 400.1 ( 1 H), 161.9 ( 31 P) and 100.5 MHz ( 13 C) and at a magic angle spinning (MAS) rate of 12.5 kHz. Experimental parameters were essentially as previously described [23] .
RESULTS

The mineral phase
A 31 P SSNMR spectrum of powdered I. cumingi tergum and scutum biomineral is compared with a similarly acquired spectrum of bone as shown in figure 2. The spectrum from the biomineral is notably broader (ca 6.6 ppm at half height), and offset to slightly lower resonance frequency (by ca 1 ppm), than that of the spectrum of bone, which coincides closely with the spectrum of mineralogically pure hydroxyapatite at ca 2.8 ppm. In both of these biominerals, signal broadening is most probably ascribable to environmental heterogeneity, with phosphorus atoms in slightly different microenvironments resonating at slightly different frequencies. The signal linewidth and lineshape of the Ibla material is independent of cross-polarization time and its intensity is maximal at ca 2.5 ms under our experimental conditions.
More detailed information about the phosphorus atomic environment is available from two-dimensional SSNMR experiments, such as 1 H-31 P heteronuclear correlation (HETCOR). In essence, this technique links, or correlates, phosphorus signals with the signals from hydrogen atoms to which they are close in space, in practice less than about 0.5 nm. H dimensions, but the signal distribution is not homogeneous. This is emphasized by selected cross sections through the contour data. Thus, a population of hydrogens producing signal centred at 12 ppm is close in space to a population of phosphorus atoms producing signal at ca 2.5 ppm. Similarly, a population of hydrogens producing signal centred at 18 ppm is close in space to a population of phosphorus atoms producing signal at ca 1 ppm. Pg REDOR data are shown in figure 4b ; there is no REDOR effect above the signal-to-noise level.
The organic matrix
DISCUSSION
Ibla biomineral gives rise to a 31 P spectrum that is strikingly different from 31 P spectra of vertebrate bone and other hard tissues, including pathologically mineralized materials such as calcified vascular plaques [24] and apatitic kidney stones [25] . The most obvious differences are a shift in the 31 P NMR signal envelope by about 1 ppm to a lower frequency, and signal broadening. Furthermore, more detailed studies of bone mineral show features usually interpreted in terms of mineral particles with a more ordered hydroxyapatitic interior grading into a less-ordered hydrated surface with abundant hydrogen phosphate species. These regional structural and compositional segregations within the mineral nanoparticles can be probed by using different 1 H-31 P cross-polarization times in onedimensional, and two-dimensional 1 H- 31 P HETCOR experiments [26] . These approaches clearly show efficiently cross-polarizing surface water and hydrogen phosphate-like species correlated with a broad component of the phosphorus signal, and less efficiently cross-polarizing interior OH 2 groups correlated with a sharper component of the phosphorus signal.
In the Ibla biomineral, the 31 P signal is uniformly broad at all cross-polarization times (between 1 and 10 ms), implying that the type of structure-composition heterogeneity of bone, reflected in broad, efficiently cross-polarizing surface, and sharper, less efficiently cross-polarizing interior populations of phosphorus atoms, is not replicated. Under the conditions of our experiments (9.4 T, 12.5 kHz MAS frequency, 70 kHz spin lock radio frequency fields), is either not present, shifted to higher frequency by hydrogen bonding, or too broad to be discerned in identically acquired data from the iblid biomineral. However, the 1 H-31 P HETCOR experiment shows that the composition, if not the distribution, of hydrogen and phosphate molecular species is not uniform. We highlight this in figure 3 by extracting monetite, the acidic HPO 4 22 hydrogens resonate between ca 13 ppm and ca 16 ppm) rather than the discrete PO 4 32 entities of crystalline apatites [27] . The Ibla biomineral does not strongly resemble 'amorphous' calcium phosphate which gives rise to a single broad signal at ca 3 ppm, at significantly higher frequency than the former material [28] . Finally, both the extracted 1 H subspectra of the Ibla biomineral are contrasted in figure 3 with a similarly extracted 1 H spectrum of bone which shows clearly defined signals corresponding to mineral OH 2 , H 2 O and hydrogen phosphate-like entities.
The microscopic structure of iblid biomineral has been described as 'bone-like' (at least superficially), in that it comprises mineral particles embedded in an organizationally hierarchical arrangement of organic lamellae. Our 31 P NMR data, however, show that the composition and atomic-level structure of the calcium phosphatic phase of iblid biomineral are very distinct from that of bone.
The amino acid composition of iblid biomineral protein [8] is rich in glycine and proline, which also happen to be abundant in vertebrate collagen, and there is a hint that iblid biomineral contains collagenlike proteins. In vertebrate bone, the 13 
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Pg SSNMR REDOR technique has shown that there are numerous intimate atomic-level associations between mineral and components of the organic matrix, including collagen [17] [18] [19] . In contrast, there are no such associations detectable by this technique between the mineral phase and chitin-protein matrix in iblid biomineral. In this respect, the phosphatic biomineral of Ibla resembles that of the evolutionarily distant linguliform brachiopods [16] . However, there is little similarity between the rather crystalline fluoroapatite mineral of the linguliform brachiopods, and the poorly ordered, hydrogen phosphate-rich apatite of the barnacle. Little is known about the molecular mechanisms controlling biomineralization in either invertebrate group. In the linguliform brachiopods, the existence of some mechanism for accumulating fluoride ions ( present at below 2 ppm in sea water) to the significant levels necessary to form the fluoroapatite mineral phase is highly likely. The resultant crystallinity may be a function of the inherent crystal lattice stability of fluoroapatite as well as, possibly, participating template biomolecules [29] . Whatever biomineralization strategy has evolved among the iblids, fluoride has not been reported to play the significant part it does in the lingulid brachiopods [2] . Our 31 P SSNMR results suggest that the mineral phase of I. cumingi biomineral represents a form of biological calcium phosphate previously uncharacterized in detail. The barnacle order Ibliformes is believed to have diverged from the Thoracica, which show calcareous biomineralization, some time in the Cambrian or possibly Ordovician [6] : as a basal offshoot, the phosphatic mineralization of the Ibliformes might represent a primary condition. It has been argued that phosphatic biomineralization was more common than calcareous among Early Cambrian invertebrates, the balance gradually shifting in favour of calcareous [30] . However, this view has been challenged, more recent analyses suggesting that the relative proportions of invertebrates with each type of biomineralization has remained largely unchanged [31] . Among calcareous invertebrate lineages, local sea water conditions are believed to have influenced the type of calcium carbonate originally produced; this type once established tending to be retained in descendent groups [32] . If a primary condition, phosphatic biomineralization in the Ibliformes might similarly have been driven by the chemical conditions in the seas in which they evolved.
An alternative hypothesis to explain the presence of phosphatic rather than calcareous biomineralization in Ibliformes relates to mechanical differences. Apatites tend to be harder than calcium carbonates (on the Mohs hardness scale apatite is 5, while calcium carbonatic aragonite and calcite are 3.5 -4 and 2.5 -3, respectively), so a phosphate-based shell plate of any given composite structure can afford to be thinner. Ibla cumingi lives in rocky crevices or similarly sheltered environments, with most of their body and shell plates inside the crevice. Other stalked barnacles such as Capitulum mitella share the same crevices as Ibla (figure 1b), but Capitulum extends its much more massive, carbonate-based shell plates out of the crevice. Experiments have suggested that Ibla is forced to live within crevices owing to predation pressure rather than physical stressors [13] . If ancestral ibliforms were similar, phosphatic biomineralization might have evolved to confer some protection on the more exposed parts while allowing them to be thin, this being advantageous if living in narrow crevices, especially in the rough conditions typical of rocky shores. The shell plates of Ibla also possess a degree of flexibility, conferred in part by their segmental structure [8] , and this would presumably also be helpful in such environments. If phosphatic biomineralization proves to be a secondary condition in this group of barnacles, mechanical selective pressures may therefore have been a key driving force. 
